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Abstract

An end-to-endperformancecalculationandcomparison
with beamtestswasperformedfor thebunch-by-bunchdig-
ital transversedamperin theFermilabMain Injector. Time
dependentmagneticwakefieldsresponsiblefor “Resistive
Wall” transverseinstabilitiesin theMain Injectorwerecal-
culatedwith OPERA-2Dusing the actualbeampipe and
dipole magnetlamination geometry. The leading order
dipolecomponentwasparameterizedandusedasinput to a
bunch-by-bunchsimulationwhich includedthefilling pat-
tern andinjectionerrorsexperiencedin high-intensityop-
erationof theMain Injector. The instability growth times,
and the spreadingof the disturbancedue to newly mis-
injectedbatcheswas comparedbetweensimulationsand
beamdatacollectedby thedampersystem.Furthersimula-
tion modelstheeffectsof thedampersystemon thebeam.

INTRODUCTION

The interactionbetweena charged particle beamand
beampipeis theresistive wall effect,socalledbecausethe
beampipewalls have a non-zeroelectricalresistivity. We
studiedtransverseinstabilitieswhich arisefrom the“resis-
tivewall” effectsin theFermilabMain Injectorwith asoft-
waresimulationof thesystem.

The FermilabMain Injector is a synchrotronapproxi-
mately3319metersin circumference,acceleratingprotons
or anti-protonsfrom 8 GeV/cto 150GeV/c.A synchrotron
is acircularparticleacceleratorwherethemagneticfield of
the steeringmagnetsis increasedsynchronouslywith the
increasein particleenergy astheparticlesareaccelerated,
in orderto keeptheparticlesorbiting theacceleratorring.
TheMain Injectorservesasanintermediateacceleratorfor
Fermilab’sTevatronandalsois usedin anti-protonproduc-
tion andfixedtargetexperiments.

The Main Injector circulatesa bunched53 MHz beam.
Thus,the time betweenbunchesis about18.8nsandthere
are588buckets(bunchslots)available.TheMain Injector
is typically filled with six separate84-bunchbatchesfrom
the Fermilab Boosteraccelerator. There are two empty
buckets betweeneachbatchof 84, with a longer empty
spaceafterthefinal batch.

TheMain Injector’stransversebunchpositionis detected
with a stripline pickup. A hybrid transformer’s differ-
enceoutputproducesthepositionsignal,which is a bipo-
lar signalwith amplitudeproportionalto the bunchposi-
tion. It is digitizedat 212MHz, four timesthe bunchfre-
quency, which allows the systemto find the bunchphase
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andamplitude[1].
The transversesignalsareonesetof inputs to a single

boarddigital dampingsystemdevelopedfor the Fermilab
Main Injector[1]. This damperboardperformsall thecal-
culationsfor bunch-by-bunchtransverseand longitudinal
beamdamping.At its heartis field-programmablegatear-
ray(FPGA)logic, outputtingadigitally synthesizeddamp-
ing kick to power amplifiers.Theterm“bunch-by-bunch”
meansthat the dampingkick is calculatedseparatelyfor
eachbunch.

SIMULATION IMPLEMENTATION

The simulation was implementedin Matlab, a math-
ematicalprogramminglanguageand environment. The
simulationmodelsonetransversedimension.Matlabvec-
tors wereconstructedcontainingthe charge, position(� ),
and position derivative with respectto longitudinal posi-
tion (�����
	��	� ) for eachof 588bunches.As thesimulation
runs,� and��� propagatefrom eachstationto thenext.

Theacceleratorcircumferencewassimilarly dividedinto
588 equidistantlocations,or stations.The strengthof the
magneticwakefieldis trackedateachof thosestations.The
simulationruns by taking discretetime steps,the time it
takes for eachbunch to advancefrom one stationto the
next. This is simply thecircumferencedividedby thenum-
berof stations(588)dividedby ��� , thespeedof thebeam,
or approximately18.8ns(which is, of course,thesameas
thebunchspacing).

In eachtimestep,thesimulationperformsthefollowing
calculations:

1. Thepositionof thebunchat thedamperreadoutloca-
tion is recorded.

2. Thekick for thebunchat thedamperkick locationis
calculated.

3. If dampingis active, thebunchat thedamperkick lo-
cationreceivesthecalculatedkick in ��� .

4. Eachbunchgetskick in ��� from its currentstation’s
magneticwakefield

5. Themagneticfield ateachstationdecays

6. Eachbunchdepositswakefield ateachstationpropor-
tional to thebunch’schargeandposition

7. � and��� of eachbunchpropagateto thenext station

8. Thebunches(with their charge, � and ��� ) advancein
Z to thenext stations

9. Time elapses



After eachfull turn (588 steps),the end-of-turnbunch
positions� arerecordedin a vectorfor a time historyof the
beamevolution, andvariousmaximacanbe computedto
show evolutionof thebeamasawhole.

BEAM PIPE DIAMETER

The Main Injector beampipe width only producesno-
ticeablewakefield effects in the dipole magnets.In other
partsof thecircumference,theapertureis wideenoughthat
any wakefield effectsarenegligible. Approximately75%
of thecircumferencehasof thenarrowerdiameterpipe.To
simulatethis, I usea “mask” vectorwith eachelementcor-
respondingto onestation,andfor stationswherethatmask
is 0, nowakefielddepositionor kick occurs.25%of thedi-
ameterof theMain Injectoris thusmaskedoff sothatthere
arenowakefieldeffects.

The magneticwake field is divided into two partsbe-
causethecomputedmodelindicatesthatthefield is thesum
of two separateexponentialdecays.Thus,the decaysare
computedseparately, andthefield whichkicks thebeamis
thesumof thetwo parts.

INSTABILITY GROWTH

To studytheprogressionof thegrowth of aresistivewall
instability, relatively simpleinputparameterswereusedfor
illustration purposes.Six batchesof 84 buncheseachare
setinto thesimulation.Thefirst five batchesall have ideal
����� positions. To simulatean injection error, the sixth
batchis assignedan � offsetof 1mm. Thebunchchargeis
identicalfor all bunches,correspondingto ����������� protons
perbunch.After 100turns,theeffectsof theinjectionerror
havebegunto spread,andthebetatronmotionhasbegunto
becomeapparent.Theinstabilitycontinuesto grow andby
700turnsit blowsup thewholebeam.

Instability Growth vs. Measurements

Thesimulationdatawasanalyzedto measurethegrowth
timesof theinstability. Thesemeasurementsarecompared
with analysisof real Main Injector beammeasurements
which were also unstable. Data to measurethe instabil-
ity growth timewasacquiredwith theMain Injectordigital
dampersystemwith thedampersoff. All measurementsare
takenat a fixed,non-accelerating,beamenergy.

Figure1 showsonesetof resultscomparingthesimula-
tion with themeasuredbeamdataacross33 bunchesfrom
the samebatch. For analysisthemaximumtransversepo-
sitionenvelopeacrossthese33bunchesis usedto show the
rise time of the instability. The Y axis shows logarithmic
scalingFigure1. The curve which is broadernearTurn 0
is the simulateddata. The “simulation” curve is created
by taking the maximumtransverseposition acrossall 84
bunchesin batch1. Both curvesarethenplottedasa func-
tion of turn number.

The maximum of the beampositionsalso shows the
point at which the beamstartsscrapingagainstthe beam

Figure 1: Transverse DisplacementMaximum Across
BunchesEvolvingThroughTime(Turns)— Simulatedand
Measured.The Y axis is in millimeters,but arbitarydata
acquisitionunits from thebeamdatawerescaledto match
theothercurve.

pipe,afterabout900turns.
Thetwo curvesof Figure1 arequitesimilar, neglecting

thepartof themeasuredcurve after thebeamstartsphysi-
cally scrapingagainstits beampipearoundturn900.

Eachcurvefrom Figure1 wasfit to anexponentialfunc-
tion. Only thedatabetweenturns300and800wasused,in
orderto avoid thebeamscrapingin the later turnsandthe
earlierturnswheretheinstability wasstill developing.

Theresultsof thefit confirmthesimilarity in slopeseen
in Figure1. Thesimulateddatawasproportionalto ���! �"�"#$�&%
andthemeasureddataroseproportionalto ���' �(�"#()�% .

DAMPING

TheMatlabsimulationincludessimulationof adamping
kick which canproducea 0.1mmtransversedisplacement
afteraquarterof abetatronoscillation.Thepositionfor the
kick is sensedatonepositionandthekick is appliedatone
position.For thepurposesof thesesimulations,thereadout
andkick positionarethe same,althoughin practice,they
arenotat theexactsamelocation.Thesamealgorithmthat
is usedin the FPGA for calculatingthe dampingkick is
usedin the simulation. This includesa calculationof the
bunchmotionphase.

For thesimulationshown in Figure2, startingconditions
were: �*�+�����,� protonsperbunch, -.�0/2143 1 , five batches
of 84 buncheswith no initial positionoffset,andthesixth
batchof 84 with aninitial positionoffseterrorof 1mm.

Figure2 shows themaximumbunchpositionacrossthe
84bunchesof batch#1measuredfor 200turns.Thedamp-
ing kick was turnedon for the entire simulation,but for
the first 100 turns,the phaseof the damperswasadjusted
to provideanti-damping— encouragingthebeamposition
oscillationsto grow fasterthannormal.For thesecond100



Figure 2: Maximum Bunch Position, Anti-Damping for
100turns,thenDamping

turns,the phasewaschangedto theoptimal phaseto pro-
videdamping.Figure2 clearlyshowsthebeneficialeffects
of dampingto controlthebeamoscillations.

BoththesimulationandtheMain Injectordigital damper
cardprovide theability to provide a differentkick to each
bunchof thebeam.For ordinarydamping,thisallowseach
bunch to be dampedaccordingto its individual betatron
amplitudeandphase.However, thisalsoallowsusto select
certainbunchesfor anti-dampingby changingthephaseof
the damperkick for thosebunches. This allows a more
exotic bunchstructureto becreated.

CONCLUSIONS

This rigid bunch simulationhasproven to be a useful
tool for understandingthebehavior of thebeamin theFer-
milab Main Injector. The simulationalso is a useful aid
to understandingtheMain Injectordigital bunch-by-bunch
dampercard,theneedfor suchdamping,its performance,
andits capabilities.
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